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ABSTRACT. This paper examines the prestress load distribution in the ducts of the prestressing tendons
of a VVER-type nuclear reactor containment. It introduces a method for distributing the simplified
linear load from the prestressing cable onto the surface area of the duct. Furthermore, a procedure for
applying this calculation to a detailed numerical 3D model of a containment segment is described. This
method can be implemented into computational software, such as OOFEM, to incorporate this more
accurately defined load into a comprehensive stress analysis of the segment. Realistic definition of load
distribution from prestressing tendons on the surface of the ducts is critical for identifying potential
deviations from a uniform prestress distribution within the containment wall. This, in turn, facilitates
assessments such as evaluating the extension of the structure’s service life.

KEYWORDS: Unbonded prestressing reinforcement, structural loading, prestressing ducts, digital twin,

3D model.

1. INTRODUCTION

Containments represent a crucial component of the
protective systems in nuclear power plants using
VVER nuclear reactors, ensuring safety and integrity
in case of emergency situations [I]. These contain-
ments are designed as prestressed reinforced concrete
structures that utilize prestressing tendons to enhance
strength and resilience [2, B]. The use of a digital
twin, which is a virtual model of a physical system,
enables analyses and predictions of the behavior of
these structures.

The aim of this article is to develop a method for
determining the surface load from prestressing on the
wall of a tendon duct within a containment segment
model. Calculations performed on this detailed model
will be used to refine the digital twin, defined in this
paper as a numerical model of the entire containment
building. Therefore, the precision in defining load dis-
tribution from prestress in tendon ducts will directly
impact the accuracy of the digital twin. This digi-
tal twin will enable improved assessment, prediction,
and decision-making in future service-life extension
processes for the structure.

The structure of the article is as follows: In the
first section, the finite element model and its param-
eters are presented. Next, the linear load from the
prestressing cables is defined. Then, the calculation of
the load distribution coefficient is described. Follow-
ing this, the coordinate transformation for applying
the calculations discussed in the previous sections to
the aforementioned numerical model of the structure

is addressed. Finally, the results and their potential
further applications are discussed.

2. PRESTRESS LOADS IN NUCLEAR
REACTOR CONTAINMENT VESSELS

The determination of prestress loads was conducted
for the digital twin model of a segment of a VVER-
1000 reactor containment structure. The containment
of this reactor is a monolithic, post-tensioned cylin-
drical reinforced concrete structure, with its walls
prestressed by a cable system arranged in cross loops.
This prestressing system consists of unbonded tendons
arranged in a helical pattern [4] [5].

The modeled segment is a three-dimensional finite
element model designed for detailed stress analysis
within the containment structure. Although this
model has been employed in previous studies [6], it can
be enhanced using updated data, advanced method-
ologies (e.g., new optimization techniques for defining
boundary conditions or the approaches discussed in
this paper), and improved software tools. The model
represents a typical cross-section of the containment
structure, intentionally excluding the effects of open-
ings, supports, and the containment ring beam on the
stress distribution within this segment. Due to the
containment size, creating such a detailed finite ele-
ment model for the entire containment is impractical
as it would result in extremely demanding computa-
tions. The chosen segment has a height of 2.12 meters,
a thickness of 1.2 meters, and an arc width of 3 meters
at its midplane. The model also includes reinforcing
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FIGURE 1. Schematics of numerical model for contain-
ment segment.

steel bars represented by 1D elements.

The unbonded post-tensioning tendons are modeled
as external loads acting on the inner walls of the post-
tensioning ducts, which are represented as cavities
within the segment mass (see Figure. The curvature
of both the segment and the ducts corresponds to
the curvature of the entire containment. The finite
element mesh comprises tetrahedral elements, with
a higher mesh density in the regions adjacent to the
inner walls of the ducts. The method of applying the
post-tensioning load is crucial for stress development
near the ducts, thus special attention was paid to the
analysis of load distribution.

2.1. ASSESSMENT OF LINE LOADS

For a detailed determination of the load due to pre-
stressing at any point within the duct, it is first nec-
essary to establish the total line load exerted by the
cable along its length on the structure. This line load
varies along the length of the cable due to prestress
losses and has two components: the first acting in
the direction of the axis of the containment cylinder,
and the other acting along the direction of the cable
(frictional force, which reduces the prestress in the
cable) [7].

For the digital twin model, the measurement of
prestressing force in the anchorages of the prestress-
ing cables fixed to the containment ring beam can
be utilized [8, @]. The measured force (Ny) can be
reduced by losses due to friction up to the point of
interest at a distance s from the prestressing location
(see Figure[2)). From this calculated force in the cable,
the line loads can subsequently be determined.

The prestressing force N in the cable at a distance
s from the point of prestressing can be determined
using the following equation

—s - tan(¢)
Cre) O

where N is the force at the prestressing location,
tan(¢) is the friction coefficient, r is the radial distance
of the cable from the containment axis, and w is the
vertical cable inclination [7].

N(s) = Ny - exp <
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FIGURE 2. Schematic of line load from prestressing
on containment structure.

This calculation is based on the parametrization of
prestressing cable paths (helix) along the arc. The
line load from the prestressing cable (for detailed
explanation see [7]) acting in the radial direction to
the containment center (along the internal normal) is
given by

N(s)

T (@) @

f tot,cent —
The line load acting in the direction of the prestressing
cable (tangent to the cable axis) is

ftot,fri = ftot@ent . tan(¢)~ (3)

For graphical representation of these loads, see Fig-

ure 21

2.2. LOAD DISTRIBUTION ON DUCT SURFACE

In the previous chapter, the duct was considered as
a 1D element defined solely by its centerline. To de-
fine the magnitude of the load on the duct surface,
the linear load calculated according to the procedure
described above must be multiplied by a load distri-
bution coefficient within the duct, denoted as £. This
coefficient ensures the distribution of the linear load
over the surface of the duct.

The coefficient £ depends on the angle p — the
deviation of the normal to the duct surface at the
investigated point from the normal to the plane of
the structure (i.e., the direction towards the center of
the containment), see Figure |3| Since it is assumed
that the load acts only on parts of the inner surface of
the duct, the coefficient £ takes non-zero values only
within the interval p belonging to (—90°,90°). To
maintain the calculation for the simplified 1D cable,
it must for duct radius r4 hold that:

90°
7w[wamw:r (4)

The determination of the load distribution —i.e., the
function &(p) — was based on the assumed distribution
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FIGURE 4. Ilustrative photograph showing bend of
unbounded prestressing cable.

of reinforcement within the duct. It is assumed that
the non-bonded prestressing reinforcement will be
pressed as much as possible against the inner side
of the bend (neglecting the influence of the cable
self weight on its distribution). The individual wires
will be densely packed, and although the prestressing
system considered does not involve individual wires
being twisted into a complete cable, it is assumed
that due to slight twisting of the wire bundle during
installation, the wires will tend to stay more packed
together.

It can thus be considered that the distribution of
wires within the duct will resemble the shape of an
ellipse or a lens. This shape can be simplified to
a lens, with one side formed by a circular segment
(representing the wall of the duct) and the other side
by a parabola. The parameters of the parabola can
be defined from the known width of the wire bundle
distribution within the duct and the area enclosed by
the shape. The width of the bundle w was estimated
based on a visual assessment from a photograph of
the bend in cylindrical cables (refer to Figure [4)). The
area of the wire bundle was calculated as the cross-
sectional area of the wires multiplied by the coefficient
71, which accounts for the space between the wires.

The coefficient n for the densest possible arrange-
ment of wires is 1.102. This value was determined
graphically as the ratio of the total area Az + Ag to
the area of the circular prestressing wires A in the
tightest configuration, see Figure [5] Due to the shape

75 50 25 0 2% 50 T
ne]

F1GURE 6. Example of load distribution in tendon duct.

of the duct and the twisting of the bundle, the ar-
rangement will be more relaxed, and 7 will therefore
be higher — the coefficient 1 was estimated graphically
as 1.15. The graphical solutions were performed for
a tube with a diameter of 225 mm and 450 wires. The
parameters a and b of the parabola can be determined
from the following equations

w/2
2. / (@) — fa(@)de = Ay-n,  (5)
0

forz =w/2:

fo(x) = fa(z), (6)
where the parabola function is f,(x) = az? + b, the
duct function is f4(x) = rq— /73 — 22, A, is the area
of the prestressing reinforcement, and x is as shown in
Figure |5l Neglecting the self-weight of the wires, the
wire distribution is symmetrical, and it is therefore
possible to integrate over only half of the figure.
Assuming that the distribution of the function &(u)
is similar to the distribution of the prestressing wires,
it can be defined for the angle of deviation y as follows

D) — fte(w)
20 J5 Fpe0) — fale () dn”

where x = rgsin(u) and o = arcsin(w/(2rq)). An
example of the ¢ distributionin is shown in Figure [6]

(1) (7)

2.3. COORDINATE TRANSFORMATION FOR
SEGMENT MODEL

To define the load from the prestressing cables at

point p with coordinates Xy = {x4;y,; 24}, which lies

on the surface of the ducts in the presented model,
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FIGURE 7. Schematics of employed coordinate systems.

several steps are necessary. This process involves
coordinate transformation, the calculation of resulting
loads, and their subsequent transformation back to
global coordinates.

First, the input global coordinates X, must be
transformed into the coordinates of the developed
model X,,, and subsequently transformed into the
local coordinates of the duct X;, on whose surface
the investigated point is located. These coordinate
systems are schematically depicted in Figure [7}

The transformation from global coordinates X, to
coordinates in the unwrapped coordinate system X,
is defined by the following relationships

atan (wi) ‘R

Yg

Zg

The transformation from coordinates X, to the
local coordinates of the duct X is defined as follows

sin(w) 0 cos(w)
X, =T-Xy=| 0 1 0 | -Xu (9
—cos(w) 0 sin(w)

where w is the vertical inclination of the ducts.

To perform the calculation, it is further necessary to
determine the position ¢ on the duct axis where a cut
made by a normal plane will intersect the investigated
point. For this purpose, it is required to know the
global coordinates of any point on this axis. The
coordinates of the mentioned point are converted to
local coordinates in the same manner as for point p.
These coordinates differ from the coordinates of point
c only in the local coordinate z, which is equal to z; of
point p and is thus already known from the previous
calculation.

The height of point ¢ in the global coordinate system
is obtained as follows

Zg,c = Tc - cos(w) + 21 - sin(w). (10)

The input for calculating the line load is the distance
s (as given in the Equations [2[ and . This distance
can be obtained as:
h—2zg.c

s = () (11)
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If yi , < i, then for computing the load distribu-
tion coefficient &, the angle u is required (else £ =0
as discussed earlier), which can be calculated as

p = atan <M> . (12)

Yip — Yl

After determining the load magnitude from Equa-
tions [2| and |3|) and multiplying it by the coefficient &
(acquired via Equationm)7 it is necessary to transform
the results back to the global coordinate system. See
the following equations

0
fu = TT . _ftomcent f ) (13)
frot i - &
Yo.p/Yup  Tgp/Yup O
fo=|—%gp/Vup Yop/Yup O fu- (14)
0 0 1

3. CONCLUSION

This study provides a detailed analysis of prestress
loads in the containment structure of a VVER-1000 nu-
clear reactor for use in a finite element 3D model. The
results obtained, which include a reasonably precise
determination of the surface loading by prestressing
cables at any point on the duct surface based on its
global coordinates (see Figure [8)), contribute to a bet-
ter understanding of the stress distribution within
the structure. The determination was based on engi-
neering estimates informed by observations of actual
constructions. The presented computational approach
can be effectively implemented in software programs
such as OOFEM, facilitating its practical application
in the detailed examination of such structures.

Subsequent steps will involve incorporating the pre-
stress loads into the presented model, which will also
account for additional acting loads. A comprehen-
sive stress analysis of these combined loads will then
enable a more accurate identification of potential de-
viations from a uniform prestress distribution within
the containment wall. The results of this analysis will
contribute to the precision of the containment digital
twin model, which is used to evaluate the extension
of the containment lifespan.
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FIGURE 8. Schematics of load evaluation process and
illustrative comparison of simplified and refined load
distribution.
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